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CO2 reutilization for methane production via catalytic process 
promoted by hydrides 
María L. Grassoa, Julián Puszkiel a,b, Luisa Fernández Albanesia, Martin Dornheimb, Claudio 
Pistiddab and Fabiana C. Gennari*a 
 
CO2 emissions have been continuously increasing during the last half century with a relevant impact on the planet, being 
the main contributors of the greenhouse effect and global warming. The development of new technologies to mitigate 
these emissions poses a challenge. Herein, it is demonstrated the recycling of CO2 to produce CH4 selectively by using 
Mg2FeH6 and Mg2NiH4 complex hydrides as dual conversion promoters and hydrogen source. Magnesium based-metal 
hydrides containing Fe and Ni catalyze the hydrogenation of CO2 and their total conversion is obtained at 400°C after 5 h 
and 10 h, respectively. The complete hydrogenation of CO2 depends on the complex hydride, H2:CO2 mol ratio and 
experimental conditions: temperature and time. For both hydrides, the activation of CO2 on the metal surface and its 
subsequent capture bring about the formation of MgO. Investigations on Mg2FeH6-CO2 system indicate that the main 
process occurs via the reversed water-gas shift reaction (WGSR) followed by the methanation of CO in presence of steam. 
In contrast, the reduction of CO2 by Mg-based hydride in the Mg2NiH4-CO2 system has a strong contribution on the global 
process. Complex metal hydrides are promising dual promoter-hydrogen source for the CO2 recycling and conversion into 
valuable fuels like CH4. 
 
1. Introduction  
Two main linked phenomena threaten our nowadays social and 
environmental sustainability: depletion of conventional energy 
sources and global warming. Industries and means of transportation 
all over the world are based on fossil energy sources (carbon, petrol 
and gas). The intensified consumption of these conventional energy 
sources has been producing a rapid increase in CO2 emissions, 
disrupting the global carbon cycle on the planet 
1
. CO2 
concentration in the preindustrial era was around 280 ppm. 
However, it has already reached about 410 ppm, growing at a rate 
of 1% per year mainly due to anthropogenic activities 
2,3
. This 
causes global warming and leads consequently to climate change, 
having detrimental ecological, physical and health impacts. In the 
last report of the Intergovernmental Panel on Climate Change 
(IPCC), it was shown that the annual greenhouse gases (GHG) 
emissions already reached a record of 53.5 GtCO2 in 2017, being 0.7 
GtCO2 higher than in 2016. Based on these facts, global GHG 
emissions need to be reduced in 25% and 55% to limit the global 
temperature increase up to 2 
o





To mitigate the negative effect of CO2 on the planet, several 
approaches have been proposed and investigated. For example, the 
use of renewable energy sources, the application of CO2 capture 
and storage (CCS) technologies and the transformation of CO2 into 
value-added products have been proposed as the main plausible 
solutions
5-7
. Among them, the conversion of CO2 is regarded as the 
most attractive technology since it constitutes the reuse of CO2 
waste for the catalytic production of synthetic fuels such as CH4 and 
valuable chemicals like high alcohols. The methanation reaction, 
also known as Sabatier reaction
8,9
, was first studied at the beginning 
of the last century. This reaction can be described by the following 
exothermic reaction: 
 
CO2(g) + 4H2 (g) CH4 (g) + 2H2O(g)     (1) 
 
The Sabatier reaction has been applied for the removal of 
carbon oxides in the feed gas for ammonia synthesis. Recently, this 
reaction gained renewed interest due to its potential application in 
power-to-gas technology 
10,11
. The power-to-gas technology links 
the power grid with the gas grid by transforming all excess 
renewable energy into a grid compatible gas. As an example, 
hydrogen produced by water electrolysis can react with CO2  
released from power plants and then it can be transformed into 
methane. This synthetic gas can be stored and/or transported using 
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the existing gas distribution infrastructure, and/or it can be used in 
the well-established natural gas facilities. 
 Due to kinetic constraints of the reaction (1), the reduction of 
fully oxidized carbon to CH4 requires the use of a catalyst to achieve 
fast rate and high selectivity. Currently, the methanation reaction 
operates between 200 °C and 550 °C 
11,12
, depending on the 
experimental conditions and the nature of the catalyst. The 
industrial application of the methanation process is nowadays 
restricted due to the lack of efficient and stable catalysts 
13
. 
Different transition metals (TM) were investigated as active 
catalysts for CO2 methanation. In these studies, it was found that 
the performance of a catalyst depends on the nature of the TM, the 
structures of clusters, catalyst´s support, etc. These properties have 
a clear effect on the adsorption, activation and reduction processes 
of CO2. Chemisorption of CO2 on transition metals is spontaneous. 
Moreover, the first metals in the 3d series present lower total 
barriers for CO2 reduction 
14
. Fe, Co, Ni and Cu metals have high 
catalytic properties for CO2 activation. On the one hand, DFT 
calculations indicated that Fe prompts a thermodynamic sink on 
itself for CO2. On the other hand, the interaction is energetically 
more favourable on Co and Ni for the involved elementary catalytic 
steps. Experimental tests showed that the CO2 conversion at low 
temperature is a difficult process to carry out due to the high 
energy requirements 
13,15
. Ni-based catalysts have been the most 
widely studied materials due to their high activity, high CH4 
selectivity and low cost. Despite these facts, Ni particles present 
some drawbacks such as deactivation due to sintering, coke 
deposition and toxicological concerns
15-17
. Co and Fe exhibit similar 
methanation activity as Ni. On the one hand, however, Co is not 
widely extended in industrial applications due to its high cost. On 
the other hand, Fe-based catalysts have reasonable activity, but 
their selectivity for CH4 is usually low. Previous works 
13-17
 pointed 
out that transition metal particles play a key role on the CO2 
hydrogenation process; both in activation and reduction steps. 
The nature of the catalyst´s support also has a determined effect on 
the microstructure and structure of the active phase, the 
adsorption step and the catalytic properties. The most common 
supports used in the industry are oxides, mixed oxides, zeolites, 
clays and mesoporous materials. Tada et al. studied the influence of 
different supports such as CeO2, α-Al2O3, TiO2 and MgO. They found 
that high conversion and selectivity were obtained for Ni/CeO2 at 
low temperatures [16]. This was ascribed to the large adsorption of 
CO2-derivative species promoted by the reduction of CeO2 on the 
surface. However, it was shown that different supports have 
variable orders of basicity which favours the CO2 adsorption and its 
activation. In the case of Ni/MgO catalyst, its higher activity was 
attributed to the basic properties of the MgO support on which CO2 
is strongly adsorbed 
17
. Moreover, it was shown that MgO is able to 
initiate the methanation reaction by binding CO2 at the surface 
forming magnesium carbonate species
18
. Supplying more hydrogen 
on this surface, further hydrogenation of magnesium carbonate to 
methane occurs. The addition of alkaline earth metals as promoters 
was also used to enhance the CO2 activation and to increase the 
stability of hydrotalcite-derived catalysts
19-21
. For example, the 
effects of Fe and Mg as promoters for Ni-Al2O3-hydrotalcite was 
investigated. It was found that Ni dispersion is increased and the 
grain growth of NiO particles is also prevented 
19
.On the contrary, 
high Mg loading decreases the catalyst´s reducibility and therefore 
enhances the interaction of Ni with the support.  
In search of new catalysts for the methanation reaction, hydrogen 
storage alloys are an attractive alternative to the classical catalysts 
used for CO2 methanation. In 1990, Selvam et al. first reported the 
interactions between CO2 and hydrogen storage alloys and 
compounds such as LaNi5, CaNi5, Mg2Ni, Mg2Cu, FeTiand Mg2NiH4 
22,23
. They observed the formation of carbonates on the surface as 
well as the usual formation of oxides and hydroxides. It was found 
that the oxidized surfaces with carbonate species on the top layers 
favour the reaction of these hydrogen storage materials with CO2. 
In 2012, Kato et al.
24 
investigated the changes on the surface of 
Mg2NiH4 during the dehydrogenation in CO2 flow and studied the 
Mg2NiH4-CO2 methanation reaction. These authors observed that 
the formation of surface oxide layers hinders the complete 
decomposition of the hydride phase. It was reported that the 
oxidation of the surface is related to the segregation of Mg oxides 
and Ni at the surface on Mg2NiH4-x. The precipitation of Ni-clusters 
at the surface ease the dissociation of H2 and the modified surface 
becomes more active for CO2 methanation. Hugelshofer et al.
25 
showed that LiAlH4 can react with CO2, yielding CH4, H2 and metal 
oxides as main products at about 130 °C. Short-lived intermediate 
AlH3 is formed in the presence of CO2 and it acts as reducing agent, 
leading to CH4 formation via formate and methoxy species.  
In this work, the potential of Mg2FeH6 complex hydride for the 
conversion of CO2 into CH4 is explored for the first time under 
dynamic and static conditions. It was found that CO2 hydrogenation 
to produce CH4 is promoted by the presence of Fe, Ni and/or Mg-Ni 
alloys. The effect of the experimental conditions and the nature of 
the metal particles is also evaluated. This investigation provides a 
thermochemical method for CO2 methanation using hydrogen 
provided from a portable storage material to selectively synthesize 
CH4 under mild conditions. A combination of different techniques is 
applied in order to gain insights into the reaction mechanism.  
2. Experimental 
2.1 Thermodynamic calculations 
The equilibrium compositions for H2-CO2 and Mg2FeH6-CO2 systems 
as a function of the temperature were calculated using HSC 
Chemistry Windows, 6.1 version 
26
. When all species in a reaction 
system are given (reactants and products), the software determines 
the distribution of the products where the Gibbs free energy of the 
system reaches its minimum at constant pressure. For the H2-CO2 
system, the calculation was conducted based on gas phase 
containing H2, O2, CO, CO2, CH4, H2O, C2H4, C2H6, CH3OH and solid 
carbon, as possible species. For the equilibrium calculation of the 
0.75Mg2FeH6-CO2 system, the results were obtained for a reacting 
system composed of 4H2-CO2, with hydrogen provided from 
Mg2FeH6. 
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2.2 Materials preparation 
MgH2 (Rockwood, 99.8%), Fe (Alfa Aesar, 98%) and Ni (Alfa Aesar, 
99%) were selected as starting materials. The complex metal 
hydrides, Mg2FeH6 and Mg2NiH4, were synthesized by a two-step 
procedure 
27-29
. First, a mixture with 2:1 molar ratio of MgH2 to 
metal (Fe or Ni, respectively) was hand mixed. Next, each mixture 
was mechanically milled under hydrogen atmosphere (10 bars of 
pressure) to improve the contact between particles and to 
hydrogenate all free Mg powders present in the Mg-based starting 
material 
28
. The milling process was carried out in a planetary ball 
mill (Fritsch Pulverissete P6) for 5 hours using a ball to powder ratio 
of 10 to 1 and a rate of 500 rpm. All samples were handled in an Ar 
filled globe box to ensure their chemical stability. Figures S1A and 
S1B (curves a) show that the phases obtained after milling were 
MgH2 and the free metal (Fe or Ni, respectively). The second step of 
the synthesis was a sintering process at high temperature (450°C) 
and high H2 pressure (150 bars) for 5 hours. The XRPD (X-Ray 
Powder Diffraction) patterns obtained from the final products 
demonstrate the synthesis of Mg2FeH6 (cubic, S.G. Fm3m) and 
Mg2NiH4 (Monoclinic, S.G. C12/c1) as main phases (Figs. S1A and 
S1B, curves b). SEM photographs of Mg2FeH6 and Mg2NiH4 powders 
(Figs. S2A and S2B) show agglomerates of about 30 and 15 m, 
respectively, with small particles rounded dispersed onto the 
surface. The element mapping results obtained by EDS indicate the 
homogeneous distribution of Mg and Fe or Ni elements. 
 
2.3 Characterization techniques  
The study of the reactivity of each hydride with CO2 was done under 
flow and static conditions. Dynamic measurements were performed 
in a TGA analyzer (TG-HP50,TA Instruments) to follow mass change 
events and a Mass spectrometer (Hiden HPR-20 QIC)for a real time 
analysis of the gaseous products. In these experiments, the hydride 
sample was heated at 3 °C/min until 500 °C in a continuous flow of 
CO2 (50 ml/min). 
For the static measurements, it was employed a stainless steel 
reactor coupled to a Sieverts volumetric equipment, which allowed 
to select pressure and temperature conditions in the reactor. A 
specific mass of complex hydride sample was heated until 400°C (at 
10°C/min) under a pressure of CO2 to ensure a H2:CO2 ratio of 4:1. 
The hydride amount was estimated taking into account the 
hydrogen storage capacity of each hydride (Mg2FeH6 or Mg2NiH4). 
In each experiment, the gaseous products were analyzed by 
Fourier-Transform Infrared Spectroscopy (FTIR-Perkin Elmer 
Spectrum Series 400 Spectrometer) by collecting the gases released 
in a degassed quartz optical cell with KBr windows. The gas phase 
spectra were taken at room temperature and quantified using 
calibration curves.  
Structural and morphological characterization of solid products 
were performed by solid-state FTIR, X-ray Powder Diffraction 
technique (XRPD, Bruker D8 Advance, using Cu-Kradiation) and 
Scanning Electron Microscopy (SEM-FIB, Zeiss, Crossbeam 340). The 
presence of carbon-based solids on the final products was analyzed 
by Raman spectroscopy with a confocal microscope (LabRAM HR 
Evolution Raman microscope)at room temperature and using the 
laser wavelength of 514 nm. For solid-state IR spectroscopy 
measurements, the powders were mixed with dry KBr under 
purified argon atmosphere, pressed to pellets and placed in a 
specially designed airtight cell. 
3. Results and discussion 
3.1 Interactions between CO2-Mg2NiH4 and -Mg2FeH6 under 
dynamic conditions 
 
As a first set of experiments, the dehydrogenation temperature of 
as-synthesized Mg2FeH6 and Mg2NiH4 was investigated using TG in 
He flow with a heating ramp of 3 °C/min (Figs. 1A and 1B, 
respectively, curves a). 
The decomposition reaction of both Mg2FeH6 and Mg2NiH4 hydrides 
displays one-step dehydrogenation process. A hydrogen release of 
about 5.3 wt% is observed in the temperature range between 
275 °C and 340 °C for Mg2FeH6, while ~3.5 wt% of hydrogen is 
quickly desorbed at 315 °C for Mg2NiH4.  
 
Fig. 1: TG curves of Mg2FeH6 (A) and Mg2NiH4 (B) heated in He (a) 
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These hydrogen desorption amounts are in accordance with the 




The characterization of the dehydrogenated samples at 500 °C (Fig. 
S3) by XRPD technique allows identifying Fe and Mg (or Mg2Ni) as 
the main crystalline phases for Mg2FeH6(Mg2NiH4) decomposition
30-
33
. Hence, decomposition of Mg2FeH6 and Mg2NiH4 under inert gas 
flow can be described by the following equations: 
 
Mg2FeH6 (s) → 2 Mg(s) + Fe (s) + 3 H2(g)(2) 
 
Mg2NiH4 (s) → Mg2Ni (s) + 2H2(g)(3) 
 
in agreement with the literature
27,30
. 
In order to investigate the gas-solid reaction of CO2 with Mg2FeH6 or 
Mg2NiH4 during heating, TG under CO2 flow (Fig. 1) and 
simultaneous MS (Fig. 2) measurements were performed. Both 
hydrides only show mass gain (Figs.1A and 1B, curves b). For 
Mg2FeH6, a progressive CO2 capture of 3.5 wt% is noticed up to 
375 °C, followed by a sharp mass increase of 20 wt% between 
375 °C and 500 °C (Fig. 1A). According MS analyses (Fig. 2A), two 
different reaction zones can be identified and are related with 
continuous hydrogen evolution between 375 °C and 525 °C. In the 
Fig. 2: MS of the gaseous species detected on heating of Mg2FeH6 




first zone, at about 405 °C, CO2 conversion to CH4 starts and the 
reaction extends for 45 min during Mg2FeH6 heating. 
In a second zone, the reaction with CO2 occurs at 480 °C, providing 
more CH4 as the major gaseous product, H2 and minor amounts of 
CO. These two reaction zones are in good agreement with the mass 
gain rate observed in the TG curve between 375 °C and 500 °C (Fig. 
1A). In the case of the interaction between CO2 and Mg2NiH4, the 
TG curve shows ongoing mass increase of about 4.0 wt% from room 
temperature to 500 °C (Fig. 1B). The MS measurements (Fig. 2B) 
show one reaction zone between 365 °C and 410 °C, where the 
formation of minor amounts of CH4 along with hydrogen are 
detected during 45 min. Additionally, CO is also observed within the 
detectable limit and its presence is also confirmed by gas FTIR.  
Considering the mass increase of Mg2FeH6 and Mg2NiH4 during the 
heating under CO2 flow, XRPD analyses of the solid samples after 
reaction were carried out (Fig. 3). The XRPD pattern of Mg2FeH6 
heated up to 400 °C in CO2 flow shows the presence of Fe and Mg 
(Fig. 3A), similar to the products formed during the Mg2FeH6 
decomposition under inert atmosphere (reaction 2). 
Simultaneously, unreacted Mg2FeH6 remains, suggesting the 
incomplete Mg2FeH6-CO2 reaction. After heating up to 500 °C (Fig. 
3A), in addition to Mg and Fe phases, the formation of metal oxides: 
MgO and Fe2O3 are identified. Metal oxides might have also formed 
on the metal surfaces at lower temperatures. However, they are 
not detected by XRPD most likely due to their nanometric-layered 
structure.   
Thus, the gas-solid reaction between Mg2FeH6 and CO2 leads to the 
reduction of CO2 to CH4 and concomitantly the oxidation of Mg and 
Fe. In the case of Mg2NiH4, the phases identified after heating up to 
400 °C in CO2 flow are Ni, MgO and Mg2Ni, while Mg2NiH4 remain 
unreacted (Fig. 3B). These phases correlate with the partial Mg2NiH4 
decomposition (reaction 3) and partial disproportion of Mg2Ni into 
Ni and Mg, which is then further oxidized. Heating up Mg2NiH4  
Fig. 3: XRPD patterns of Mg2FeH6 (A) and Mg2NiH4 (B) after heating 
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under CO2 to 500 °C results in its complete dehydrogenation and 
the further formation of MgO, simultaneously with Mg2Ni, MgNi2 
and free Ni. 
For both complex hydrides, it can be inferred that the mass gain 
accounts for an initial adsorption of CO2 on the surface of the 
complex hydrides. This process delays the Mg2FeH6 and Mg2NiH4 
dehydrogenation by passivation/oxidation of the surface (Fig. 1). 
This effect is more notable for the Mg-Fe-H system. As a 
consequence, hydrogen is released at higher temperature under 
CO2 flow in comparison with the dehydrogenation under inert gas 
flow. In fact, as CO2 is in contact with the hydride surface from room 
temperature, it might interact with the hydride by molecular 
adsorption or by dissociative chemisorption. In the case of an 
adsorption process, magnesium cations have large affinity for CO2, 
forming oxides and in some case carbonates in the subsequent 
reaction steps
21
.The dissociative chemisorption process, instead, 
involves the CO2 splitting into CO(ads) and O(ads). Then, CO(ads) 
can be desorbed as CO(g) or react with H2 released from the hydride 
phase and finally form CH4. The O(ads) favours the surface 
oxidation and the segregation of MgO. It was reported, that 
disproportioned surfaces become more active in dissociating CO2 
and in promoting methanation
24
. As an evidence of these 
processes, XRPD analyses (Fig. 3) show the formation of MgO as 
well as the segregation of Ni or Fe and MgNi2 coming from the 
interactions between both complex hydrides and CO2. These phases 
formed in situ during hydride decomposition can act as catalysts for 




3.2 Carbon dioxide transformation to methane by reaction with 
Mg2NiH4 and Mg2FeH6 under static conditions 
To investigate the conversion of CO2 in the presence of complex 
hydrides by heating in static conditions, FTIR analyses of the 
gaseous products were carried out. From the spectra displayed in 
Fig. 4, it can be noted that the thermal treatment of the Mg2FeH6 
and Mg2NiH4 powders under CO2 atmosphere (4:1 H2:CO2 mol ratio) 
at 400 °C for 1 h, 5 h and 10 h leads to the synthesis of CH4 as main 
product. This is confirmed by the identification of the typical bands 
of CH4 in the C-H bending region (1204-1390 cm
-1
) and the C-H 
stretching modes (2818-3181 cm
-1
). In addition, CO is detected after 
1 h of heating simultaneously with unreacted CO2 for both complex 
hydrides. Complete conversion of CO2 to CH4 is reached after 5 h for 
Mg2FeH6 at 400 °C, while in the case of Mg2NiH4, residual CO2 and 
CO are also noted. It is known that CO chemisorption onto Ni 
particles retards the chemical process occurring on the Ni surface, 
such as the recombination of hydrogen
35
. Notably, no evidence of 
CO2 bands is observed after heating both hydrides for 10 h, showing 
that CO2 can be effectively transformed into CH4.  
Apparently, the conversion of CO2 to CH4 is enhanced by Mg2FeH6 in 
comparison with Mg2NiH4, indicating different kinetic behaviour 
and/or methanation mechanism for each hydride-CO2 system. 
Furthermore, weak bands in the region of 3700 cm
-1
 and 1600 cm
-1 
are assigned to H2O. No evidence of the formation of ethane, 
ethene, propane as well as methanol, all species detectable by FTIR 
spectrometer, are obtained. In this way, during the decomposition 
 
 
Fig. 4: FTIR spectra of the gas products for the reaction of: A) 
Mg2FeH6 and CO2; B) Mg2NiH4and CO2, at 400 °C for different times 
(H2:CO2= 4:1 mol ratio). 
 
of the complex hydrides, CO and CH4 are the only carbon containing 
products found in the gas phase. For comparison, Figure S4 shows 
the FTIR gas analysis after the reaction of complex hydrides with 
CO2 using 2H2:CO2 mol ratio at 400 °C for 5 h. A decrease of the 
H2:CO2 mol ratio leads to the formation of CO and the detection of 
unreacted CO2. Clearly, the conversion of CO2 to CH4 is strongly 
dependent on the starting H2:CO2 mol ratio.  
To clarify the reaction mechanism between CO2 and the complex 
hydrides, the structural changes of the solid products were 
investigated by XRPD. Figure 5 shows the XRPD patterns of the 
products formed after the reactions between Mg2FeH6 or Mg2NiH4 
and CO2 at 400 °C (Fig. 5A and 5B, respectively). In the case of 
Mg2FeH6-CO2 system, after 1 h of reaction MgH2, Fe and MgO 
phases are identified and Mg2FeH6 remain unreacted (Fig. 5A). 
Additional reaction time for 5 h induces the complete consumption 
of Mg2FeH6. The final phases after 5 h and 10 h are Fe, MgO, Mg 
and minor amount of MgH2.  
For the Mg2NiH4-CO2 system, after 1 h of reaction MgH2 and Ni are 
detected, indicating the partial Mg2NiH4 decomposition. At this 
time, partial oxidation of Mg to form MgO cannot be discarded but 
its presence is not detected  probably due to its amorphous nature.  
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Fig. 5: XRPD patterns of the solid products after reaction between 
CO2 and: A) Mg2FeH6; B) Mg2NiH4 at 400 °C for different times 
(H2:CO2= 4:1 mol ratio). 
 
Additional reaction time for 5 and 10 h induces a progressive 
disproportion of Mg2NiH4 into MgNi2, Ni and Mg, with simultaneous 
crystallization of MgO. The identification of MgH2 and MgNi2 during 
methanation by reaction of CO2 with Mg2FeH6 and Mg2NiH4, 
respectively, point out that the disproportion of the surface is 
related with the reaction mechanism. 
Morphological  observations of the solid products obtained  after  
10 h of reaction between CO2 with Mg2FeH6 or Mg2NiH4 at 400 °C 
are shown in Figures 6 and 7, respectively. SEM image in Fig. 6A 
shows a surface with micrometric agglomerate size with 
appreciable amount of pores. The surface is composed of faceted 
particles of MgO (Fig. 6B) surrounded by Fe spongy grains, as it was 
determined by EDS element mapping (Fig. S5). Figure 7A presents 
part of a Mg2NiH4 agglomerate composed of particles with spherical 
shape. EDS mapping of these spherical particles (Figs. 7B and S6) 
confirms their chemical nature as MgO. The MgO particles are 
wrapped around small Ni-containing particles. From these 
micrographs, it is also possible to observe that some spheres are 
hollow and have smooth surfaces. The vicinity of the MgO particles 
to the Fe or Ni particles suggests that the oxidation mechanism of 
Mg can be influenced by Fe or Ni as catalyst. 
Mg2FeH6-CO2 system displays superior results than Mg2NiH4-CO2 
regarding the conversion of CO2. The obtained relative amount of 
CH4 after 1 h at 400 °C is 30 times higher for Mg2FeH6-CO2 system 
under the same static conditions (4H2:CO2 ratio), in agreement with 














Fig. 6: SEM micrographs of the solid products after reaction 
between CO2 and Mg2FeH6at 400 °C for 10 h: A) Surface of an 
agglomerate; B) Detail of the surface. 
 
 
Fig. 7: SEM micrographs of the solid products after reaction 
between CO2 and Mg2NiH4 at 400 °C for 10 h: A) Surface of an 
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In fact, complete CO2 conversion is reached in 5 h at 400 °C and 
simultaneously Mg2FeH6 totally decomposes (Fig. 5).  
In the case of Mg2NiH4, its partial decomposition after 1 h induces a 
limited production of CH4 and CO. This result suggests that CO is 
chemisorbed on Ni poisoning both Ni/Mg-Ni catalytic surfaces
36
. As 
a consequence, dehydrogenation of Mg2NiH4 is retarded by 
hindering hydrogen recombination. At the same time, Mg is 
oxidized and the segregation of Ni and MgNi2 occurs. 
The Raman spectroscopic measurements of the residual solids after 
the reactions between the complex hydrides and CO2 under 
dynamic (Fig. 8A) and static (Fig. 8B) conditions were conducted 
using the 514 nm laser. The Raman spectra for the Mg2FeH6-CO2 
system exhibit two strong peaks: the G mode at 1590 cm
-1
 
originated from in-plane vibration of the sp
2
 domain typical of 
graphite and the D mode at 1341 cm
-1
, related to the defects and 
disorders in carbonaceous solid
37
. Moreover, after the reaction 
between Mg2NiH4 and CO2, independently of the experimental 
conditions, any signal ascribed to G and/or D bands are detected. 
Therefore, the Raman analysis supports the formation of carbon 
during CH4 production in the presence of Fe.  
Solid-state FTIR studies on the sample obtained after methanation 
in static conditions for Mg2NiH4-CO2 system provide additional 
information (Fig. 9). No relevant changes occur after 1 h of reaction, 
as it is confirmed by the identification of the band at 1630 cm
-1
 due 
to physisorbed water and a broad band around 3400 cm
-1
 due to 
surface hydroxyl groups. After 5 h of reaction, sharp vibration peaks 
of CHx are identified and ascribed to the dissociation of CH4 on the 
surface of Ni metal 
38
. 
Additionally, in the region 1800-1200 cm
-1
 various bands are related 
with carbonate species. Among them, the bands at 1474 and 1385 
cm
-1
are attributed to unidentate carbonate, while the peak at 1630 
cm
-1
can be assigned to bicarbonate species 
39
. The change in the 
intensities of these carbonates species indicates that there is a 
surface rearrangement of the sample during the methanation 
process in the presence of vapour water from 5 h to 10 h. Then,  
Fig. 8: Raman spectra of the (a) Mg2FeH6-CO2and (b) Mg2NiH4-CO2 
systems after reaction under dynamic (A) and static conditions (B). 
 
Fig. 9: Solid-state FTIR of the Mg2NiH4-CO2 system after reaction 
under static conditions for different times. 
 
during the methanation in presence of Ni based catalysts the 
formation of carbonates species instead of carbon is demonstrated. 
 
3.3 Complex hydrides as alternative catalysts for methanation of 
CO2 
The methanation reaction is a complex process that depends on 
several factors such as temperature, pressure and composition of 
the reactants. An analysis of equilibrium composition by the Gibbs 
free energy minimization method is a useful tool to predict the 
distribution of products coming from multiple reactions in one 
system at chemical equilibrium. Gao et al. already analysed several 
of the above mentioned factors for the methanation reaction of 
COx
40
. In this work, by comparing thermodynamic calculations with 
experimental results, it is the aim to identify kinetic restrictions and 
specific interactions between the involved species. Therefore, it is 
possible to grasp the methanation mechanism involving solid 
hydrides.  
Figure S7 shows the mol fraction of the products (%) as a function 
of temperature for CO2 methanation at 1 bar and for 4H2:CO2 molar 
ratio, calculated by Gibbs free energy minimization method 
26
. From 
these calculations, it can be inferred that the optimal operating 
conditions for CO2 methanation are relative low temperatures (up 
to 400 °C), where the CH4 selectivity and CO2 conversion are the 
highest. Despite the fact that it is expected that the reaction rate 
increases with the temperature, thermodynamic calculations 
indicate that above 450 °C the formation of CO by-product is 
favoured due to reversed water gas shift reaction. During the 
process, unreacted CO2 and H2 fractions also increase, while CH4 
product decrease.  
In addition, no significant carbon deposition is predicted under the 
analyzed experimental conditions. It is also noted that when the 
H2:CO2 molar ratio decrease, CH4 selectivity and CO2 conversion 
strongly decrease as well, and thence carbon deposition is expected 
below 500 °C 
40
. Thus, from the thermodynamic basis, to obtain 
high CH4 yield and to avoid carbon deposition at 1 bar, both lower 
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temperatures than 400 °C and adequate H2:CO2 molar ratio higher 
than 4 are required for an optimized CO2 methanation process. 
The experimental results obtained under dynamic (Fig. 2) and static 
conditions (Fig. 4) show that the production of CH4 is possible when 
CO2 is in contact with the complex hydrides at about 400 °C. In 
these experiments, CH4 is selectively produced and detected by MS 
and FTIR. Products such as ethane, propane or other hydrocarbon 
derivates are not observed during the experiments. The H2:CO2 ratio 
and the time of reaction between complex hydride-CO2 at 400 °C, 
which is different under dynamic and static conditions, influence 
the performance of CH4 production. Considering the experimental 
evidence, it can be proposed as a general statement that the 
methanation process takes place via the reversed water-gas shift 
reaction followed by the CO methanation in the presence of steam 
as follows: 
 
CO2(g)+ H2(g)CO(g) + H2O(g)(4) 
CO(g)+ 3H2(g)CH4(g) + H2O(g)(5) 
 
These reactions are favoured by active catalytic species, such as Fe, 
Ni and/or Mg-Ni particles, which are formed during Mg2FeH6 and 
Mg2NiH4 decomposition (see Fig. 3) 
13,14
. Indeed, during Mg2FeH6 
and Mg2NiH4 heating up in CO2 flow or in static CO2 atmosphere, 
the formation of CO is detected as intermediate phase as well as 
CH4 (Figs. 2 and 4). In the static experiment, CH4 is observed 
simultaneously with minor amounts of steam (Fig. 4). 
Thermodynamic calculations for the Mg2FeH6-CO2 system with 
4H2:CO2 molar ratio and at 1 bar were performed to determine the 
equilibrium composition. It was not possible to extend the analysis 
for the Mg2NiH4-CO2 system because of the lack of thermodynamic 
data of different Mg-Ni species. Figure 10 shows the evolution of 
the species as a function of temperature in equilibrium conditions 
for Mg2FeH6-CO2 system. The thermodynamic calculations indicate 
that at 100 °C, Fe, MgH2 and MgO are stable in the condensed 
phase, while CH4 is practically the unique species in the gas phase. 
This result suggests that Mg2FeH6 partially decomposes at 
temperatures lower than 100 °C to produce CH4 and Fe/Mg/MgH2 
as main solid phases. 
Moreover, part of the MgH2 reacts with CO2 to produce MgO as 
follows: 
 
2 MgH2(s) + CO2(g)2 MgO(s) + CH4(g)(6) 
 
As the temperature increases, thermodynamic calculations predict 
two additional reactions, i.e. the decomposition of remnant MgH2 
and methane cracking:   
 
MgH2(s) Mg + H2(g)(7) 
CH4(g)C(s) + 2 H2(g) (8) 
 
In contrast to the thermodynamic calculations, the experimental 
evidence demonstrates that Mg2FeH6 decomposition requires 
temperatures higher than 300 °C under He flow and about 375 °C 
under CO2 flow (Fig. 1). This means that the dehydrogenation of  
 Fig.10: Equilibrium composition (mol%) as a function of 
temperature of the Mg2FeH6-CO2system. 
 
Mg2FeH6 is kinetically limited at temperatures lower than 300 °C, 
restricting the availability of hydrogen for the methanation of CO2. 
In the range of temperature between 350 °C and 450 °C, two 
contributions to the global process are possible. The main 
contribution is the methanation of CO2 using Mg2FeH6 as hydrogen 
source (Fig. S7). In this case, it is possible to assume that the 
methanation takes place via the reversed water-gas shift reaction 
followed by the CO methanation in the presence of steam 
(reactions 4 and 5). These reactions are favoured by active catalytic 
species, such as Fe particles, which are formed during Mg2FeH6 
decomposition and/or disproportion of the surface due to CO2 
activation. In accordance with the above proposed mechanism, 
during Mg2FeH6 heating under CO2 flow or under static CO2 
atmosphere, the formation of CH4 as well as CO as intermediate is 
verified (Figs. 2, 4 and S4). In fact, this mechanism is clarified by 
experiments done at 400 
o
C under different H2:CO2 ratios (Fig.4A 
and S3). With a 4H2:1CO2 ratio, after 1 h the CO2 conversion is 
partial and CO is detected, in accordance with reactions 4 and 5. 
However, after 5 h the total conversion of CO2 is achieved. A 
2H2:1CO2 ratio leads to a partial conversion of CO2, even after 5 h. 
The other contribution to the global process is the formation of CH4 
via reaction (6), i.e. MgH2 acting as reducing agent. However, this 
mechanism seems to have a minor contribution for the Mg2FeH6 
and CO2 interaction process. This is supported by the following 
observations: first, the CO formation is not predicted by the 
thermodynamic calculation as a product of the reduction of CO2 by 
the hydride phase; second, a minor amount of MgO is detected; 
and third, the correlation between the total Mg2FeH6 
decomposition (Fig. 5A) and consumption of CO2 for the 4:1 molar 
ratio. Moreover, for the methanation reaction using Mg2FeH6 as 
hydrogen source, amorphous carbon is detected both under 
dynamic and static conditions (Fig. 8), probably promoted by the 
local ratio H2:CO2 ˂4 at 400 °C 
40
. Carbon deposition can be 
originated from methane cracking (reaction 8). However, other 
possible reactions such as the Boudouart reaction, CO reduction or 
CO2 reduction cannot be discarded 
40
.  
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The reaction pathway observed for the methanation of CO2 using 
Mg2FeH6 is different from that reported for the thermochemical 
reduction of CO2 promoted by alkali metal hydrides (LiH and NaH) 
41
 
or alkaline earth metal hydrides 
44
 (MgH2 and CaH2). Indeed, Fe 
particles facilitates the methanation of CO2 at 400 °C, leading to the 
partial conversion of CO2 via CO formation after 1 h in presence of 
steam and reaching complete CO2 conversion to CH4 after 5 h for 
the H2:CO2 ratio of 4:1 (reactions 4 and 5). 
The Mg2NiH4-CO2 interaction at 400 °C presents a different 
mechanism. Although the catalytic methanation process (reactions 
4 and 5) seems to operate at 400 °C, the experimental evidence 
after 10 h supports the fact that the reduction of CO2 by Mg2NiH4 
contributes to the global process: the complete decomposition of 
Mg2NiH4 is not reached, CO2 is totally consumed and carbon 
deposition does not take place. This mechanism is partially 
associated with the poisoning of Ni-based compounds by CO after 1 
h of reaction, hindering its further catalytic action. At the same 
time, CO2 capture and disproportion of the surface occurs during 
Mg2NiH4 decomposition, with the formation of MgH2, MgNi2 and 
MgO. The carbonation of MgO leads to the formation of MgCO3 on 
the surface after 5 h of reaction and posterior surface 
rearrangement in presence of water (Fig. 4B). Therefore, it is 
possible to propose that the methanation of CO2 using Mg2NiH4 
involves two simultaneous processes which are different in nature: 
the catalytic CO2 conversion according to the reactions (4) and (5), 
and the direct reduction of CO2 by the reducing effect of MgH2 
(reaction 6). 
In two different investigations, the mechanochemical conversion of 
CO2 to CH4-H2 gas mixture by lithium, magnesium and calcium 
hydrides was reported at room temperature and without any 
catalyst 
42,43
. It was found that the mechanism of CO2 reduction 
depends on the kind of metal hydride, the H2:CO2 ratio and the 
milling parameters. This process showed high selectivity to CH4. 
However, the mechanochemical activation requires long times (24 h 
or 48 h) and the yield of CH4 is low 
42,43
. Recently, it was reported a 
CO2 thermochemical reduction process to produce CH4 and H2 fuels 
using ball milled alkali metal hydrides (LiH or NaH)
 41
 or alkaline-
earth metal hydrides (CaH2 and MgH2)
 44
. The first study with alkali 
metal hydrides showed that the yield of CH4 depends on the 
reaction time and temperature at 4:1 H2:CO2 mol ratio.
 41
 The 
optimal performance was obtained at 450 °C within 48 h for both 
CO2-LiH and CO2-NaH reaction systems. Similarly, the performance 
of the CaH2 and MgH2 also showed a strong dependence on the 
reaction time, temperature and H2:CO2 mol ratio. Our investigation 
provides a clear contribution to the already published investigations 
where CO2 conversion to CH4 is performed by mechanochemical 
activated process of LiH/CaH2/MgH2 or thermochemical process of 
mechanical activated LiH/NaH/MgH2/CaH2 without catalyst. In 
these works, the authors reported that the reduction of CO2 
without catalyst is highly efficient, and selective. Though, in 
comparison with this work, these processes require both higher 
temperature (450 °C) and longer times (48 h). Here, the total 
conversion of CO2 is obtained using as-synthesized Mg2FeH6 
complex hydride, a Mg based hydride without mechanical 
activation, as a portable storage material to selectively prepare CH4 
at 400 °C in 5 h. Optimization of the reaction conditions using 
portable Mg-based hydrides with different catalyst is still subject of 
current investigations. 
4. Conclusions 
In this work, we demonstrate for the first time, to the best of our 
knowledge, that Mg2FeH6 can be used as hydrogen source to 
selectively convert CO2 into CH4 under controlled experimental 
conditions. It was found that the total conversion of CO2 is reached 
after 5 h of heating at 400 °C with a 4H2:CO2 molar ratio by catalytic 
action of Fe particles. The global mechanism involves the reversed 
water-gas shift reaction followed by methanation of CO in presence 
of steam. After 10 h of reaction, partial oxidation of Mg and carbon 
deposition is observed. Investigations on the methanation 
mechanism of CO2 via Mg2NiH4 indicates that the direct reduction of 
CO2 caused by the MgH2/Mg2NiH4 hydride system plays an 
important role on the whole process. Carbonation of MgO is 
confirmed after 5 h of reaction. 
This investigation provides a thermochemical method to capture 
and selectively synthesize CH4. This method involves the dual 
utilization of low-cost and portable metal hydride phases, i.e. 
Mg2FeH6 and Mg2NiH4. On the one hand, complex hydrides act as 
hydrogen sources. On the other hand, these complex hydrides 
provide catalytic species with high selectivity, promoting the full 
conversion of CO2 into CH4. The high selectivity of the reaction is 
actually a determined factor for the application of CO2–CH4 
conversion technologies. As a matter of fact, CH4 has the highest 
hydrogen/carbon ratio among all hydrocarbons and it also has the 
largest heat of combustion in comparison with the gasoline. The 
utilization of CH4 presents a big advantage since the infrastructure 
necessary for domestic and industrial use is already available. 
Therefore, it is here proposed an efficient process for in situ CO2 
recycling and conversion into CH4, avoiding CH4 storage and/or 
transport. 
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